The electronic and structural properties of molecular and solid cubane have been studied by first-principles, self-consistent field total energy calculations. Calculated molecular properties such as equilibrium geometry and electronic and vibrational spectra are found to be in good agreement with experimental data. Structural parameters and the energetics of both the low-temperature, orientationally ordered and high-temperature, orientationally disordered or plastic phases of solid cubane are determined. The valence band of solid cubane is derived from the molecular states; the energy gap between the lowest unoccupied and highest occupied molecular orbital bands is rather large due to the saturated carbon atoms. The effect of alkali-metal-atom doping on the electronic energy bands is investigated. It is found that the metallic band of doped cubane is derived from the undoped solid cubane's lowest conduction band with a significant contribution from the alkali-metal atom.
I. INTRODUCTION
Cubane (C 8 H 8 ) has one of the most interesting and unusual structures among all carbon molecules; it is an atomic scale realization of a cube with eight carbon atoms arranged at the corners and single hydrogen atoms bonded to each carbon atom along the body diagonals ͑see Fig. 1͒ . 1, 2 Accordingly, the C-C-C bond angle is 90°, rather than the 109.5°normally found in the tetrahedral sp 3 bonding of group IV elements. This structure results in a significant amount of strain energy, roughly 6.5 eV per molecule, 3 so that the transitions to other more stable molecules are extremely exothermic. Because of its high heat of formation and high density, the cubane molecule and its derivatives are candidates for highly energetic materials and fuels. 4 Since the first synthesis by Eaton and Cole, 1,2 cubane has been a subject of active research. The cubic structure has been confirmed using a variety of experimental techniques including infrared and Raman spectroscopy, [5] [6] [7] high-resolution laser spectroscopy, 8 and x-ray diffraction. 9 A number of theoretical studies performed at both the semiempirical and ab initio levels have clarified the electronic states of the molecule. [10] [11] [12] [13] [14] [15] In 1964 Fleischer 9 showed that cubane forms a stable solid at room temperature with a crystalline structure composed of cubane molecules occupying corners of the rhombohedral primitive unit cell ͑space group R3 ). The cubic molecular geometry gives the solid many unusual electronic, 16 structural, and dynamical [16] [17] [18] [19] properties compared to the other hydrocarbons. For example, solid cubane has a relatively high melting point temperature ͑405 K͒ and a very high frequency for the lowest-lying intramolecular vibrational mode (617 cm Ϫ1 ). 5, 6, 14 Recent work related to cubane has focused on solid cubane and cubane based derivatives. [17] [18] [19] [20] [21] [22] [23] [24] Because of relatively weak intermolecular interaction the cohesive energy relative to the constituent C 8 H 8 is expected to be small, and most of the physical properties of solid cubane are dominated by the properties of the C 8 H 8 molecule.
Solid cubane undergoes a first-order phase transition at T c ϭ394 K from an orientationally ordered phase to a noncubic orientationally disordered ͑plastic͒ phase, resulting in a significant volume expansion of 5.4%. 20 Despite many studies, including Raman spectroscopy, 6 adiabatic and differential-scanning calorimetry, 18 and NMR studies, 18, 19 which all show evidence for such a transition, the structure of the high-temperature phase was only recently identified. 20 It was found that this phase is also rhombohedral and has the rhombohedral angle ␣ϭ103.3°. The plastic phase persists until Tϭ405 K, at which point cubane melts. The tempera- 20 In this paper, we investigate the structural, dynamical, and electronic properties of the cubane molecule and solid cubane. Our objective is to present a systematic analysis of these properties based on first-principles self-consistent field ͑SCF͒ calculations within the local density approximation ͑LDA͒. In order to guide future experimental work on cubane, we also explore the doping of solid cubane with alkalimetal atoms and examine how the electronic states and charge density are modified upon doping. This paper is organized as follows. In the next section, we discuss the computational method. In Sec. III, we present the results of our calculations obtained for the electronic energy, structure, and vibrational frequencies of an isolated cubane molecule. In Sec. IV, we investigate the structural properties of solid cubane. In Sec. V, we concentrate on the electronic properties of solid cubane. We calculate the electronic energy, band structure, and total density of electronic states ͑DOS͒ for the low-temperature phase with the optimized structure. In Sec. VI, we examine the electronic and structural properties of the alkali-metal-atom doped derivative of solid cubane. Finally, our conclusions are summarized in Sec. VII.
II. COMPUTATIONAL METHOD
Structural, electronic, and dynamic properties of the cubane molecule and solid cubane have been calculated using the SCF pseudopotential method in momentum space within the LDA. We used optimized, nonlocal, norm-conserving ionic pseudopotentials in the Kleinman-Bylander form 26 and the Ceperly-Alder exchange-correlation potential 27 in the form parametrized by Perdew and Zunger. 28 While calculating alkali-metal doping we took the core corrections to the potassium pseudopotential into account. In the plane wave calculations the software package CASTEP ͑Refs. 29, 30͒ has been used. Further details of the first-principles method can be obtained in Ref. 30 . The electronic wave functions are represented by plane waves with cutoff energy of 1500 eV. For molecular calculations within the supercell approach the Brillouin zone integration has been performed using only the kϭ0 point, which is sufficient due to the large size of the cell and also because the lowest unoccupied molecular orbital ͑LUMO͒ state is well separated from the highest occupied molecular orbital ͑HOMO͒ state. For the calculation of solid cubane we used 38 k points in the irreducible Brillouin zone determined according to the Monkhorst and Pack 31 scheme. In all calculations, a finite basis correction 30 with cutoff energy ͓i.e., dE/d ln(E cutoff )͔ was calculated and found to be less than Ϫ0.05 eV/atom, confirming the convergence of the calculations. Structural optimizations were performed by using the BFGS minimization technique. 32 In order to determine if the supercell method is suitable for calculating the physical properties of an isolated molecule in momentum space, we also performed a SCF electronic structure calculation of C 8 H 8 using a local basis set expressed in terms of Gaussian type orbitals. 29, 33 
III. ELECTRONIC AND VIBRATIONAL PROPERTIES OF THE CUBANE MOLECULE
We study the electronic structure of an isolated cubane molecule by treating the molecular orbitals in terms of local Gaussian orbitals. We also investigate the electronic and vibrational properties of the molecule by using the supercell approach. The supercell is constructed by placing the cubane molecules in a simple cubic lattice with the lattice constant a s ϭ16 Å, which is periodically repeated in three dimensions. Owing to the large distance between adjacent cubane molecules ͑approximately three times larger than the lattice constant of solid cubane͒ the intermolecular interactions are negligible and the results that we obtained can be attributed to an isolated cubane molecule. By comparing the results obtained from the two approaches we test the accuracy of the plane wave basis set for further calculations on the molecular crystal.
The C-C bond length d CC and C-H bond length d CH are determined by optimizing the structure within P1 symmetry. The full optimization of the structure is achieved by reducing the force on each atom to a value less than 0.005 eV/Å. The optimized structure has cubic symmetry with bond lengths d CC ϭ1.551 Å and d CH ϭ1.098 Å, in good agreement with experimental data (d CC ϭ1.562 Å and d CH ϭ1.097 Å). 34 The electronic energy structure calculated with the local basis set and supercell methods is presented together with the symmetry assignments in Fig. 2͑a͒ . After aligning the HOMO energies, the maximum deviation between the energy states is seen to be less than 0.1 eV. The energies of the filled states are grouped in five regions, each separated by large gaps. Such large gaps result from the strained cubic structure of the molecule. The gap between the HOMO and LUMO E g,LH is large ͑6.9 eV͒ owing to the saturation of the carbon atoms. The calculated value of E g,LH depends on how the exchange-correlation potential is treated. Calculations based on the LDA usually underestimate the gap energy. In fact, restricted Hartree-Fock calculations 15 yield E g,LH ϭ15.48 eV. The energy gap predicted by calculations based on density functional theory ͑DFT͒ with the B3LYP exchange-correlation potential 35 is 8.6 eV, which seems to be a reasonable value. 15 Nevertheless, E g,LH is expected to be larger than the value predicted by the LDA calculations.
Recently, the vibrational spectrum of cubane has been studied by using neutron scattering and a detailed comparison has been made with various theories from phenomenological tight-binding to a first-principles calculation with a local basis such as a Gaussian.
14 Here we calculate the NIS ͑neutron inelastic scattering͒ spectrum 36 and compare it with experimental data 14 to further establish the accuracy of the plane wave technique in such a strained molecular system. The vibrational modes and their frequencies are obtained by the direct force method using the supercell geometry.
The cubane molecule has 42 internal degrees of freedom and thus has 42 vibrational modes. Because of the highly symmetric structure of C 8 H 8 these eigenmodes have only 18 distinct frequencies, i.e., 2ϫ(2Aϩ5Tϩ2E). The vibrational mode energies of cubane obtained from supercell calculation and from Raman and infrared experiments ͑in parentheses͒ are shown in Fig. 2͑b͒ . The agreement between the calculation and the experimental data 5,7,14 is quite good. Clearly, the supercell calculation with plane wave basis provides vibrational frequencies as accurate as those obtained by using methods that employ a Gaussian basis. 14 In spite of the fact that the cubane structure is highly strained, the vibrational modes involving C-H stretching, i.e., A 2 u,T 2 g,T 1 u, and A 1 g at ϳ3000 cm Ϫ1 , are very similar to those in unstrained hydrocarbons. However, the overall mode energies ͑particularly those involving C-C stretching, i.e., T 2 g, T 2 u, T 1 u, E g , and A 1 g modes ranging from 822 cm Ϫ1 to 1024 cm Ϫ1 ) are rather high and reflect the highly strained structure of the cubic cage. As seen in Fig. 2͑b͒ , the calculated vibrational energies are in almost perfect agreement with the Raman and infrared data ͑shown in parentheses͒. The most significant deviation is for the A 2u mode, which is calculated to be 975 cm Ϫ1 , while the experimental value is 839 cm Ϫ1 . Interestingly, the same disagreement exists in the calculations using the Gaussian basis, 14 indicating a possible error in the assignment of the modes from the experimental data. A more stringent test for the present calculations is to actually compare the intensities of the vibrational modes ͑which involve eigenvectors͒, rather than the frequencies of the modes. NIS is the perfect tool for that purpose. Details of the neutron inelastic scattering measurements of the vibrational spectrum were given elsewhere. 14 Here we compare only the calculated NIS spectrum with the experimental data as shown in Fig. 2͑c͒ . The calculated NIS spectrum reproduces all the features at the correct energies observed in the experiment. An important conclusion drawn from this section is that the supercell calculation with plane wave basis set is very successful in predicting many molecular properties, from bond lengths to vibrational spectrum intensities. In the rest of the paper, we will investigate the solid state properties of cubane and its hypothetical alkali-metal-doped derivatives by using SCF pseudopotential calculations in momentum space within the LDA.
IV. STRUCTURAL PROPERTIES OF SOLID CUBANE
Both the ordered and disordered phases of solid cubane have a rhombohedral lattice with space group R3 . The structure can be characterized by three parameters: the lattice constant a, the rhombohedral angle ␣, and the setting angle ͑i.e., the orientation of the cubane molecule͒. The unit cell can be viewed as a fcc lattice that has been squashed along a particular axis that remains the threefold axis of the crystal. In this way ␣ increases from the fcc value of 60°to 72.7°, but it is still significantly smaller than the rhombohedral angle of the bcc structure where ␣ϭ109.47°. The crystal structure with one C 8 H 8 molecule per unit cell together with the lattice parameters, and also the view along the threefold rhombohedral axis are shown in Fig. 3 . The setting angle of the cubane molecule, i.e., the rotation of the molecule about the threefold axis, is not fixed by the symmetry, and therefore can take any value. Experimentally, the setting angle is determined to be 46°. 9, 20 This orientation brings the hydrogen atoms of one molecule into close proximity with the midpoints of the C-C bonds of the neighboring molecules. This alignment is perfect when ϭ45.57°.
We first perform a full structure optimization of both lattice parameters (a and ␣) and atomic positions ͑which also sets ) by using BFGS minimization 32 within the constraint of rhombohedral symmetry. The very rigid cubic skeleton of the molecule is slightly distorted due to the weak crystal field of the nearest neighbor molecules, yielding C-H distances of 1.100 Å ͑along the ͓111͔ axis͒ and 1.101 Å ͑for other directions͒. Similarly, C-C bond distances are about 1.558 Å and the C-C-C angles change from 89.9°to 90.0°, reflecting a tiny distortion away from cubic symmetry. The optimized values of a, ␣, and are a 0 ϭ5.07 Å, ␣ 1 ϭ71.34°, and FIG. 2. Electronic and vibrational spectra of the cubane molecule. ͑a͒ Molecular orbital energies. Numbers in parentheses are from ab initio calculations using the plane wave basis set, while other numbers are from the Gaussian basis ͑Refs. 14,15͒. ͑b͒ Vibrational spectra. ͑R͒ and ͑IR͒ indicate Raman-and infrared-active modes, respectively. Experimental data for vibrational spectrum ͑Refs. 5,7,14͒ are indicated in parentheses. ͑c͒ Neutron inelastic spectrum of cubane vibration is compared to that obtained from the plane wave calculation. For comparison we also show the spectrum calculated using the 6-21 Gaussian basis ͑Ref. 14͒.
ϭ45°, respectively, in good agreement with the experimental data at 77 K; 20 a exp ϭ5.20 Å, ␣ exp ϭ72.7°, and exp ϭ46°. Next we examine the variation of the total energy E T (s-C 8 H 8 ) as a function of only one parameter while keeping the other two parameters fixed at their optimized values. Figure 4͑a͒ illustrates the variation of the total energy E T with the lattice constant a. The cohesive energy is calculated as the difference between the total energy of the isolated cubane molecule and the total energy of the solid cubane:
According to this definition E coh Ͼ0 indicates the stable binding state. We calculated E coh ϭ680 meV per C 8 H 8 molecule at the optimized lattice parameter a 0 ϭ5.07 Å.
We make the following comments related to the cohesive energy: ͑i͒ The calculated cohesive energy in Eq. ͑1͒ comprises only the short-range interaction, and is obtained from minimization of the expectation value of the electronic Hamiltonian and the Coulombic ion-ion interaction. 30 It is weak as compared to the cohesive energy of many metals and semiconductors due to the weak intermolecular interaction, which results in a weak polarization of the charge of isolated molecules. On the other hand, it is much larger than that obtained from purely van der Waals ͑vdW͒ interactions, [37] [38] [39] [40] [41] which is estimated to be around Ϫ0.25 eV, as shown in the inset to Fig. 4 . ͑ii͒ It is usually asserted that inert gas and molecular crystals are bound by the vdW interaction, 25, 26 which is not taken into account by DFT. In contrast to this argument, the present LDA calculation is able to predict the lattice constant of solid cubane in good agreement with experimental value. Interestingly, similar calculations carried out within the generalized gradient approximation predicted a much larger lattice constant (a ϭ6 Å) and a very small cohesive energy (E coh ϭ110 meV). 42 In the past, similar paradoxical situations occurred for the physisorption of Xe on metal surfaces. It was usually argued that the charge rearrangement upon physisorption of closed-shell atoms is negligible and hence does not include any short-range attractive interaction. Lang, 43 on the other hand, provided a good account of experimental data on atomic binding energy within DFT. His results are confirmed by work function measurements 44 and SCF pseudopotential calculations. In Fig. 4͑b͒ , we show the variation of the hydrostatic pressure with volume. In the same figure the fit to the universal equation of the state, 47 i.e., P(V/V 0 ) where V 0 is the equilibrium volume with aϭa 0 , is shown. Using this fit, one obtains the bulk modulus BϭϪVdp/dV as 10.3 GPa. This value is about half of that for molecular solid C 60 , 48 suggesting that cubane is twice softer than solid C 60 . However, the pressure derivative of the bulk modulus B o Ј calculated here is about the same as that for solid C 60 . 48 It will be interesting to compare these results to experimental data for solid cubane when it is available.
The variation of the total energy with the rhombohedral angle ␣ is illustrated in Fig. 5 , where the lattice constant a and the setting angle are kept at their optimized values. We note that E T (␣) has two minima. The first one is the global minimum at ␣ 1 ϭ71.34°that corresponds to the lowtemperature, orientationally ordered phase. The second minimum at ␣ 2 ϭ101.9°is only a local minimum and hence it occurs at higher energy. It corresponds to the hightemperature, orientationally disordered phase (␣ exp ϭ103.3°). The energy barrier ⌬E for order-disorder structural transformation is estimated from Fig. 5 to be ϳ150 meV at Tϭ0. It is shown that such a transition occurs at T c ϭ394 K followed by a sudden increase of the lattice parameter (⌬a/aϭ1%) and the rhombohedral angle (␣ 1 →␣ 2 , i.e., ⌬␣ ϳ30.6°͒, which corresponds to a volume change of ⌬V/Vϭ5.4%.
20
Next we investigate the variation of the total energy E T with the third structural parameter at these two minima at ␣ϭ␣ 1 and ␣ϭ␣ 2 . The results of our ab initio calculations are shown as insets in Fig. 5 . The left inset corresponds to the curve E T (aϭa 0 ,␣ϭ␣ 1 ,), and exhibits two distinct minima at 1 ϭ45°and at its symmetry equivalent value, 2 ϭ2/3Ϫ 1 . The results of our ab initio calculations are in good agreement with the experimentally determined value exp ϭ46 o . From the curvature of E T (aϭa 0 ,␣ϭ␣ 1 ,) at ϭ 1 we estimate the frequency of the A g libration mode at Tϭ0 K to be 136 cm Ϫ1 , which is in fair agreement with the experimental value of 115 cm Ϫ1 measured using neutron inelastic scattering methods ͑at 100 K͒. 17 The curve E T (a ϭa 0 ,␣ϭ␣ 2 ,) presented in the right inset shows the orientational dependence of the potential for the high-T phase ͑i.e., ␣ϭ␣ 2 ); it is almost flat for a wide range of setting angle 25°ϽϽ95°. This implies that for the hightemperature phase E T is nearly independent of , and hence the orientation of cubane molecule cannot be fixed in this range. This situation is a good example of a system with collective large amplitude motions. It is suggested that the softening of the librational modes is the driving mechanism for the observed order-disorder structural transformation. 20 Another interesting point is that normally the orientational disorder in the plastic phase tends to average out the molecular symmetry, making it more spherical. Therefore, a closepacked fcc structure is expected to occur as a result of the order-disorder phase transition. Contrary to this expectation, the high-temperature disordered ͑or plastic phase͒ of solid cubane is neither cubic nor close packed; it is rhombohedral with ␣ϭ103.3°. 20 In this respect solid cubane is an unusual example.
In concluding this section, first-principles calculations presented here are successful in predicting the structural properties of solid cubane. Richardson and Martins 24 have recently reported similar ab initio calculations by using soft pseudopotentials. 49 However, they concluded that the LDA did not work well for solid cubane, in contrast to our results. In their work, the setting angle of the cubane molecule () in the structure was not mentioned at all. It was stated that the rhombohedral crystal structure of solid cubane is uniquely characterized by a and ␣. As revealed from the above discussion, this statement is clearly incomplete and there is a third important parameter, which is the setting angle of the cubane molecule (). The total energy of the system and the lattice parameter are very sensitive to this parameter as shown in Fig. 5 . This could be one of the reasons for the disagreement. In addition to this, they used only two k points, which may not be enough for convergence. In the present work, we used 38 k points in the irreducible Brillouin zone.
V. ELECTRONIC STRUCTURE OF SOLID CUBANE
The lattice parameters optimized at the global minimum corresponding to the low-temperature, orientationally ordered phase ͑i.e., a 0 ϭ5.07 Å, ␣ 1 ϭ71.34°, and ϭ45°) are used for the band calculations. The calculated energy bands are presented in Fig. 6͑a͒ . Owing to the weak intermolecular coupling ͑or small wave function overlap͒ the dispersion of the valence bands is reminiscent of the bands of other molecular crystals. The dispersion of the valence bands ⌬E W D is within ϳ1 eV. On the other hand, the band dispersion in the range of ϳ1 eV can be taken as an indication of a significant chemical interaction taking part in the cohesion. The electronic structure of solid cubane is derived from the orbital states of the C 8 H 8 molecule; the valence band states occur approximately at the same energies, but they exhibit a small dispersion in the first Brillouin zone. Consequently, valence bands are grouped at five energy regions similar to that of the C 8 H 8 molecule, where their relative FIG. 5 . Variation of the total energy as a function of the rhombohedral angle ␣. The global and local minima at ␣ 1 ϭ71.34°and ␣ 2 ϭ101.9°are in good agreement with the experimental values of ␣ 1 ϭ72.6°and ␣ 2 ϭ103.3°. The insets show the variation of the total energy as all the cubane molecules rotate about the principal ͓͑111͔͒ axis of the rhombohedron ͑defined as setting angle ) in the global ͑i.e., ␣ϭ␣ 1 ) and local ͑i.e., ␣ϭ␣ 2 ) minima.
PRB 62positions are slightly modified. The highest valence band is derived from the t 2g orbital ͑LUMO͒ state. The bands that are adjacent to the LUMO band originate from the threefold degenerate t 2u orbital state. Approximately 3.5 eV below these bands one sees bands derived from t 1u , a 2u , and e g orbital states. As the band energy is lowered, the bands become flatter. The bands located around ϳ8, 12, and 18 eV are derived from the a 1g ϩt 2g , t 1u , and a 1g orbital states of the C 8 H 8 molecule, respectively.
The conduction bands have relatively large dispersion (⌬E W c ϳ2 eV) owing to the relatively strong coupling between nearest neighbor antibonding molecular orbitals. The gap between the valence and conduction bands is E g ϳ5 eV at the center of the Brillouin zone (⌫ point͒. We believe that this gap is slightly underestimated by the local density approximation. On the other hand, the gap of 5 eV between the LUMO and HOMO bands is significantly larger than the band gap in fullerenes. This is due to the fact that each carbon atom in the cage of a cubane molecule is connected to three nearest neighbor carbon atoms and also to one hydrogen atom, and hence forms four bonds. In this way the carbon atoms become saturated and E g is larger than in the case of the fullerenes, which have unsaturated bonds.
The density of electronic states shown in Fig. 6͑b͒, i .e.,
, is generated by calculating the band states E n,k at 180 k points in the first Brillouin zone, and by broadening them with a Gaussian. One sees that the valence band states of solid cubane are grouped in bands which appear as seven sharp peaks separated by four gaps. The density of electronic states in the high-T phase ͑i.e., ␣ ϭ101.9°) is also calculated and found to be very similar to that in the low-T phase shown in Fig. 6͑b͒ . However, we observed significant changes in the DOS with the setting angle . This is because atoms on different molecules get closer to each other at some particular values of ͑for example, ϭ0), giving rise to splitting and broadening of the peaks in the DOS. This is also evident from the orientational dependence of the potential energy shown in Fig. 5 . Such a strong dependence of the DOS on may result in interesting coupling between the librons and the electronic structure.
VI. ALKALI-METAL-ATOM DOPED SOLID CUBANE
Solid cubane is a band insulator. Since the conduction bands have relatively small dispersion, they can yield a high density of states at the Fermi level E F when they are occupied. Additional electrons to occupy the empty conduction band can be provided by doping with alkali-metal atoms, since alkali-metal atoms, such as K and Na, can donate their valence electrons to the empty conduction band, as realized, for example, in fullerene intercalation. An interesting aspect here is whether the dopants donate their valence electrons to the conduction ͑LUMO͒ band of the crystal, or form a new metallic band in the gap derived from the valence state of the alkali-metal atoms. Modification ͑or polarization͒ of the LUMO band in the former case and the character and the orbital composition of the new band in the gap in the latter case would determine the normal and superconducting ͑if any exist͒ properties of alkali-metal doped solid cubane. For example, it is important to know whether the first conduction band remains flat by keeping its original orbital identity, and hence D(E F ) remains high, or whether it mixes strongly with the valence state of the alkali-metal atom. In the case of formation of a new alkali-metal band in the band gap, a situation would arise whereby a metallic lattice is incorporated into an insulating crystal. Furthermore, this metal could undergo a metal-insulator transition owing to the relatively large alkali-metal-alkali-metal distance. Hence, alkali-metal doped solid cubane ͑if it could be realized͒ would be an interesting system that might present several unusual features.
We take the center of the rhombohedral unit cell of solid cubane as the most favorable position for the dopant atom. We then optimize the structure of this alkali-metal doped solid cubane ͑designated as AC 8 H 8 where AϭLi, Na, or K͒ and determine the lattice parameters within the constraint of rhombohedral symmetry. Table I shows the optimized values of the rhombohedral lattice parameters and the corresponding changes in the unit cell volume for AC 8 H 8 (AϭLi, Na, or K͒. For all cases, the volume change is very large. We did not observe significant changes in the orientation of the cubane molecule with doping. We also observed that the Cartesian components of the stress tensor at the optimized structures were small ͑around 0.1-0.3 GPa͒ but not zero. This indicates that the rhombohedral symmetry can be lowered slightly upon releasing the symmetry constraint during the optimization.
In order to reveal the effect of the alkali-metal doping we calculated the electronic structure and charge densities of potassium doped cubane (KC 8 H 8 ), the expanded cubane subsystem (e-C 8 H 8 ) ͑where the K atoms are removed from KC 8 H 8 ), and also the potassium subsystem (K R or K only͒ ͑where cubane molecules in the KC 8 H 8 structure are removed͒. In these calculations we used the same method and parameters as in the previous section. The 3s and 3p states are also considered as valence states in the pseudopotential of the potassium atom. Our results for the band structure and for the density of electronic states of K R ,e-C 8 H 8 , and KC 8 H 8 are presented in Fig. 7 . For the sake of better comparison, the energies of the lowest valence band derived from the molecular a 1g state of C 8 becomes detached from the rest of the conduction band by shifting downward by 0.5 eV, while its width is practically unaltered. This situation is also evident in the modification of the total density of states at the bottom of the conduction band in Fig. 7͑d͒ . In view of these facts, one can argue that the half-filled first conduction band of KC 8 H 8 is derived mainly from the first conduction ͑LUMO͒ band of the solid cubane.
The character of the half-filled, first conduction band of KC 8 H 8 and the contribution of K orbital states are further clarified by analysis of the state charge densities. In Fig. 8 , we show the charge densities associated with the first conduction bands of K R , e-C 8 H 8 , and KC 8 H 8 . It is seen that the charge density of K R is not similar to that of KC 8 H 8 , in agreement with the discussion above; this excludes the possibility that the lowest conduction band of K doped solid cubane is not totally due to the dopant potassium. On the other hand, the charge density of KC 8 H 8 displays some similarity to that of e-C 8 H 8 . Moreover, the isosurfaces of the charge density difference obtained from the charge densities presented in Fig. 8, i .e., ⌬ϭ KC 8 H 8 Ϫ C 8 H 8 Ϫ K R , show significant charge rearrangements related to K as displayed in Fig. 9 . We note that, while from the two cubane molecules along the threefold axis ͑labeled 3 ) there is no charge transfer, there is excess charge from the hydrogen atoms of the other six molecules pointing toward the K ion. Figure 9͑b͒ shows negative charge density, which indicates that some of the electrons are pushed outward from the C-H bonds. These results suggest that the metallic band formed upon K doping is derived from the first conduction band of solid cubane with significant K 4s contribution. This band has low dispersion and hence has a high density of electronic states at the Fermi surface. It will be interesting to see if the conduction electrons in this band will couple with the high-energy intramolecular phonons of cubane to exhibit superconductivity.
VII. CONCLUSION
In this paper we investigated the C 8 H 8 molecule, solid cubane, and alkali-metal doped cubane. We performed ab initio calculations to optimize the atomic structure and lattice parameters. Using the optimized structure, we calculated the electronic band structure, state densities, and charge density contour plots. We may summarize the important results as follows. ͑i͒ The electronic structure of the C 8 H 8 molecule calculated within the local density approximation by using a plane wave basis set in periodically repeating supercell geometry and norm-conserving pseudopotentials is in good agreement with the level structure obtained with a local basis set. The normal modes calculated with a plane wave basis set can also reproduce all the features ͑both intensities and energies͒ obtained from the neutron inelastic scattering spectrum. ͑ii͒ Short-range chemical interactions play a dominant role in the cohesion of solid cubane. We found a cohesive energy per C 8 H 8 molecule ͑due to the short-range interactions͒ of 0.68 eV for the fully optimized structure in the low-temperature, orientationally ordered phase. This corresponds to the global minimum of the rhombohedral structure. This value is significant for a molecular solid and explains why solid cubane is stable at room temperature. Significant energy lowering is achieved by optimization of the setting angle . ͑iii͒ The high-temperature, orientationally disordered phase corresponds to a local minimum. It occurs ϳ50 meV above the global minimum at ␣ϭ101.9°. However, the energy of the system is rather insensitive to the setting angle in the range 25°ϽϽ95°; this explains why the structure becomes orientationally disordered. ͑iv͒ The molecular orbitals of C 8 H 8 dominate the band structure of solid cubane, in which the orbitals broaden into narrow bands. The locations of the peaks in the total density of states correlate very well with the level structure of the cubane molecule. We calculated a band gap between the valence ͑HOMO͒ and conduction ͑LUMO͒ bands of ϳ5 eV, which may be a slight underestimate. ͑v͒ Upon doping cubane with K, the lowest conduction band of solid cubane is slightly lowered and becomes half occupied. Our analysis of the relevant bands and their charge densities indicates that the metallic band of doped cubane is derived from undoped solid cubane's lowest conduction band with a significant contribution from the potassium atom.
